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FOREWORD 


This  report  was  prepared  by  Structural  Mechanics,  Lockheed 
Missiles  &  Space  Company,  under  the  direction  of  R.  F.  Crawford, 
Project  Leader.  The  research  was  supported  by  the  U.  S.  Air  Force, 
under  Contract  AF  33(616) -8000  and  monitored  by  the  Design  Criteria 
Section,  Structures  Branch,  of  the  Flight  Dynamics  Laboratory, 
Aeronautical  Systems  Division,  Wright -Patterson  Air  Force  Base, 
with  P.  L.  Hasty  acting  as  Project  Engineer. 

This  is  the  final  report  under  the  above  contract  and  covers  work  done 
during  the  period  1  March  1961  to  31  August  1961. 
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ABSTRACT 


A  parametric  study  has  been  made  from  published  low-cycle  fatigue  data 
showing  the  various  effects  on  cycles-to-failure.  Included  are  uniaxial 
and  biaxial  experimental  results.  True  total  strain  range,  ratio  of  mini- 
mum-to-maximum  strain,  and  effects  of  geometry  are  the  predominate 
parameters  affecting  fatigue  life  for  mechanical  cycling  at  room  and  ele¬ 
vated  temperatures. 

Structural  life  was  investigated  in  terms  of  the  parameters  for  mechanical 
cyclic  loading  as  well  as  for  cyclic  thermal  straining.  In  the  former  case, 
expressions  relating  the  parameters  to  structural  life  were  found.  However, 
in  the  latter  case,  no  reliable  expression  between  these  parameters  and 
structural  life  was  found.  A  specific  expression  for  conservatively  predicting 
structural  life  or  endurance  is  developed  and  applies  to  all  materials,  ratios 
of  minimum-to-maximum  strains,  temperatures,  and  states  of  stress.  Also 
considered  were  single-cycle  failures  resulting  from  thermal  shock. 
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Section  1 
INTRODUCTION 


1.1  GENERAL 

The  rapid  development  of  high-performance  manned  flight  vehicles  subjected  to 
extremely  severe  operational  environments  such  as  hypersonic  flight  and/or  atmos¬ 
pheric  re-entry  emphasizes  the  need  for  re-examining  structural  factors  of  safety. 

These  factors  of  safety  applied  to  the  operational  environment  define  the  boundaries 
for  structural  design.  The  effects  of  extremes  in  cyclic  environment  present  a  par¬ 
ticularly  crucial  problem  area,  inasmuch  as  most  of  the  existing  theory  of  plastic 
stress  analysis  has,  at  best,  questionable  applicability  to  the  cyclic  case.  To  obtain 
realistic  factors  of  safety  for  cyclic  environment,  detailed  theoretical  and  experimental 
analyses  of  cyclic  stresses  beyond  the  limit  load  are  required.  These  studies  should 
include  a  re-evaluation  and,  perhaps,  extension  of  existing  methods  of  plastic  stress 
analysis  to  the  cyclic  case,  and  (hov  should  determine  the  effects  of  high  cyclic  stresses 
on  failure  of  materials.  Although  it  is  fell  that  successful  investigations  in  both  areas 
are  necessary  to  determine  realistically  structural  factors  of  safety,  this  report  is 
limited  to  the  latter,  and  the  approach  is  confined  to  examining  published  data  on  effects 
of  high  cyclic  stresses  on  failure  of  materials. 

The  serious  consequences  of  cyclic  loads  applied  to  a  structure  in  the  high-stress  range 
are  well  recognized,  but  the  probability  of  structural  failure,  or,  conversely,  the  ability 
of  a  given  structure  to  resist  a  known  pattern  of  high-magnitude  loading,  has  not  been 
thoroughly  evaluated.  This  study  has  a  threefold  purpose:  (I)  to  review  past  studies  in 
low-cycle  fatigue:  (2)  to  determine  extent  of  correlation  between  previous  experimental 
results  and  proposed  methods  for  predicting  low-cycle  fatigue;  and  (3)  finally,  to  suggest 
possible  approaches  in  which  to  direct  further  effort  so  that  the  influence  of  specific 
parameters  can  be  better  understood. 

Manuscript  released  by  the  author  September  HKil  for  publication  as  an  ASD  Tech¬ 
nical  Report. 
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A  typical  approach  to  fatigue  investigation  has  boon  from  the  standpoint  of  stress.  In  the 
high-cycle  fatigue  regime,  low  stress  is  automatically  implied;  consequently,  it  has 
usually  been  possible  to  calculate  stresses  from  an  elastic  analysis.  In  the  range  of  low- 
cycle  fatigue,  a  nonlinearity  between  stresses  and  strains  usually  exists,  and  further, 
stress  becomes  a  relatively  insensitive  quantity  as  the  ultimate  stress  and  strain  is 
approached.  Design  based  upon  stress  is  therefore  not  very  meaningful.  As  a  result, 
it  appears  that  a  rational  approach  in  determining  the  low-cycle  life  of  a  structure  should 
be  based  on  the  total  strain  range. 

Many  articles  and  reports  have  been  written  on  fatigue.  Since  1950,  the  American 
Society  for  Testing  Materials  has  published  annually  an  extensive  abstract  of  references 
on  fatigue  (Ref.  1).  Very  few  of  these  articles,  however,  have  dealt  with  low-cycle 
fatigue.  Actually,  low-cycle  fatigue  iias  been  considered  extensively  in  only  the  last 
six  years,  and  few  investigations  were  made  before  then.  In  1948.  Sachs  and  co-workers 
(Ref.  2)  began  the  initial  investigation  of  low-cycle  fatigue  to  find  the  effect  of  cyclic 
straining  at  room  temperature  on  the  fracture  ductility  and  strain  hardening  of  24-ST. 

The  next  significant  contributions  to  low-cycle  fatigue  were  Coffin's  (Ref.  3)  and  Manson's 
(Ref.  4)  methods  of  predicting  low-cycle  fatigue.  Coffin  arrived  at  his  method  from  ther¬ 
mal  cycling  of  347-sLainless  steel,  while  Manson  derived  his  method  from  Sachs'  previous 
investigation  of  24-ST.  In  J.955,  a  five-year  study  of  low-cycle  fatigue  was  initiated  at 
the  Massachusetts  Institute  of  Technology  (Refs.  5  —  8)  The  MIT  study  is  very  complete 

and  contributes  significantly  to  the  study  of  low-cycle  fatigue  by  clearly  determining 
that  the  total  strain  range  is  a  very  important  parameter  in  low-cycle  fatigue.  They 
derived  a  method  of  predicting  low-cycle  fatigue  similar  to  the  method  presented  by 
Sachs,  Gcrberich,  and  Weiss  (Ret.  9)  in  the  same  year,  I960.  Other  investigators 
studied  the  effects  of  various  parameters  on  low-cycle  fatigue. 

The  present  study  shows  that  while  the  loin!  strain  range  is  a  very  important  parameter  for 
predicting  low-cvcle  fatigue  failure  under  mechanically  applied  loading,  neither  total 
strain  range  nor  plastic  strain  range  is  uselul  for  predicting  cyclic  failure  under  ther¬ 
mally  induced  loading.  For  mechanical  loading  in  general,  increases  in  strain  range 
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result  in  decreased  fatigue  life.  This  relationship  is  shown  in  Figs.  1-1  through  1-4  for 
mechanical  cycling  at  room  temperature  and  elevated  temperature,  thermal  cycling,  and 
biaxial  mechanical  cycling,  respectively.  In  each  case,  total  strain  range  is  the  ordi¬ 
nate  and  cycles-lo-failure  is  the  abscissa.  Data  for  all  the  materials  mechanically  cycled 
at  room  and  elevated  temperatures  lie  within  a  somewhat  narrow  band.  However,  the 

thermal-cycling  data  lie  in  an  almost  horizontal  band  which  is  below  that  for  mechanical 

4 

cycling.  The  two  bands  merge  at  10  cycles. 

Only  a  few  of  the  data  for  cycling  under  mechanically  applied  biaxial  stresses  lie  outside 
the  band  for  mechanical  cycling,  and  it  is  expected  that  those  few  data  are  results  of 
extraneous  influences. 

Two  mathematical  expressions  are  shown  in  Figs.  1-1  and  1-2  which  form  lower  bounda¬ 
ries  of  the  data.  They  are  conservative  and  are  recommended  for  predicting  low-cycle 
fatigue  failure  for  all  but  the  thermal-cycling  case. 

The  effects  of  less  significant  parameters  affecting  low-cycle  fatigue  life  are  not 
included  in  Figs.  1-1  through  1-4;  however,  they  are  discussed  in  the  following  sec¬ 
tions.  Cycle  frequency  and/or  time  at  elevated  temperature,  as  well  as  maximum  tem¬ 
perature,  which  induces  creep  and  metallurgical  transition,  tire  parameters  that  appear 
to  be  very  important.  Bui,  because;  of  insufficient  data,  they  have  not  been  evaluated  so 
thoroughly  as  the  strain  parameter. 

Sachs  (Ref.  !))  and  D'Amalo  (Ref.  8)  show  that  strain-ratio  is  a  very  important  param¬ 
eter  in  predicting  low-cycle  fatigue  life.  When  R  -1  ,  which  denotes  cycling  about 
a  mean  strain  of  zero,  low-eyeie  fatigue  life  is  essentially  predicted  by  a  straight  line 
on  log-log  coordinates  as  shown  in  Fig.  1-1.  However,  for  other  strain  ratios  the  work 
of  Sachs  and  D'Amalo.  as  shown  in  Fig.  l-o.  shows  appreciable  deviation  from  the 
straight  line  for  It  -1  when  N  is  less  than  200. 
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Some  of  the  scatter  exhibited  in  the  data  used  in  this  study  may  be  attributed  to  vari¬ 
ations  in  mean  strain.  Data  presented  for  mechanical  cycling  at  elevated  temperatures 
include  two  stress  ratios  other  than  minus  one.  The  thermal  cycling  data  present  a 
special  case  which  may  be  possibly  explained  by  further  study  directed  toward  deter¬ 
mining  the  effective  strain  (or  stress)  ratio.  It  is  expected  that  the  bandwidths  shown 
for  mechanical  cycling  may  be  narrowed  by  normalizing  total  strain  range  with  respect 
to  the  respective  quarter-cycle  fracture  ductility.  This  was  not  attempted  in  this 
report  due  to  insufficient  ductility  data,  although  it  is  recognized  that  ductility  should 
be  an  important  parameter  of  the  problem. 

Detailed  discussions  of  each  category  of  low-cycle  fatigue  follow  immediately  after 
a  brief  explanation  of  the  terms  used  in  this  report. 

1.2  LIMITATIONS  AND  DEFINITIONS 

Low-cycle  fatigue  life  is  defined  as  the  number  of  cycles  to  produce  failure  between 
1/4  and  10,000.  If  would  have  been  desirable  to  reduce  the  upper  limit  to  1,000 
cycles,  but  in  such  a  case,  sufficient  data  for  a  satisfactory  study  would  not  have 
been  available  for  either  the  elevated-temperature  mechanical  cycling,  biaxial-stress 
mechanical  cycling,  or  thermal  cycling. 

The  strain  parameters  used  in  this  study  are  defined  below: 

Strain  cycling  is  performed  between  two  constant  strain  values  -  the  maximum  strain 

(  e  land  the  minimum  strain  (l  .  )  whose  average  value  is  the  mean  strain  (  e  )  , 

\  max/  \  mm/  \  m  / 

where 
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The  total  strain  range  is  the  difference  between  the  maximum  and  minimum  strains: 


A  -  t  -  £ 

IK  max  mm 

The  total  strain  range  is  also  the  sum  of  the  elastic  ^Aee j  and  plastic  strain  |Ae 
range, 


AeTT.  =  At  +  At 
FR  e  p 


The  plastic  strain  is  quite  often  difficult  to  establish.  All  of  the  strains  are  the  true 
or  natural  strains 


t  =  In  1  + 


A  f 


The  fracture  strain  (e^j  is  the  strain  at  fracture  due  to  a  tensile  static  test: 

/A  \ 


t ,  -  In! 


A,. 


where  A  is  the  original  cross  section  and  A„  is  the  final  cross  section  at  failure, 
o  1 


Another  strain  parameter  used  in  this  work  is  the  strain  ratio  (R)  which  is  the 
minimum  strain  divided  by  the  maximum  strain; 
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The  mean  strain  not  only  lias  a  formal  significance  as  a  strain  function,  but  also  has 
a  very  distinct  physical  significance  as  a  prestrain  by  which  the  metal  had  been  first 
strained  to  some  definite  value  and  then  cycled  about  that  prestrain.  Data  for  cycling 
about  several  strain  ratios  art*  shown  in  Fig.  1  (i.  Two  general  cycling  schemes  are 


shown  in  Fig.  l-6(a)  and  (b) .  Two  special  cases,  reversed  and  zero-to-maximum 

strain  cycling,  are  shown  in  Fig.  l-6(c)  and  (d)  where  e  .  =  t  ,  t  =  0  , 

J  min  max  m 

and  R  =  -1;  and  e  =  e  /2  and  R  =  0,  respectively. 
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Fig.  1-1  Mechanical  Cycling  at  Room  Temperature 
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Fig.  1-2  Mechanical  Cycling  at  Elevated  Temperature 
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Fig.  1-3  Thermal  Cycling  of  Various  Materials 
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Fig.  1-4  Biaxial  Stress  Cycling  of  Three  Materials  at  Various  Strain  Ratios 
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Section  2 

MECHANICAL  CYCLING  AT  ROOM  TEMPERATURE 


Since  this  portion  of  the  study  is  concerned  with  low-cycle  failure  or  high  stressing  of 
materials  at  room  temperature,  the  time  and  temperature  dependent  influences  of  creep 
are  justifiably  assumed  to  be  negligible.  In  addition  to  high-stress  environment,  cer¬ 
tain  material  and  geometric  parameters  are  deemed  important  in  their  overall  effect 
upon  fatigue  life.  In  this  section,  an  attempt  will  be  made  to  ascertain  the  significance 
of  each  of  the  following: 

1.  Amplitude  of  strain 

=  total  strain  range  per  cycle 
Afp  =  plastic  strain  range  per  cycle 

2.  Strain  ratio 


R  -  c  .  /e 

min  max 


I 
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Note:  To  consider  strain  ratios  other  than  minus  one  denotes  that  a 
mean  strain  level  exists: 


A<  <  ~  <  . 

1 R  max  min 


Eliminating  «'  from  the  above  two  equations, 
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3.  Cycle  frequency 

4.  Specimen  geometry 

a.  Plates,  bars 

b.  Stress  concentrations  due  to  notches 

5.  Cumulative  damage 

a.  Programmed  strain  cycling 

b.  Sequence  of  loading 

6.  Material  properties 

a.  Grain  size 

b.  Prestrain  condition  (strain-hardened  or  annealed) 


(2.1) 


2.  1  AMPLITUDE  OF  STRAIN 

From  an  extensive  review  of  the  literature  pertaining  to  mechanical  stress  cycling  at 
room  temperature,  a  single  expression  for  predicting  low-cycle  fatigue  appears  with 
regularity.  The  typical  correlation  expression  is  of  the  following  basic  form: 


N 


2 


Ac 


where  N  number  of  cycles  to  failure 

c  fracture  ductility  of  the  material 
lif  plastic  strain  range  per  load  cycle 

A  detailed  discussion  of  (lie  development  of  this  equation  is  given  in  Section  fi.  Also, 
a  comparison  is  made  of  the  various  equivalent  forms  of  the  expression  which  have 
been  recommended  by  different  investigators  of  low-cycle  fatigue. 


Graphical  presentation  oi  cyclic  strain  data  have  customarily  been  made  in  either  of 
two  ways  (Ref.  10): 

•  Deformation  approach  -  indicates  the  resistance  of  a  material  to  strain  cycling. 
Stress  range  is  presented  as  a  function  of  cycles  of  strain  for  various  constant 
applied  ranges  of  plastic  strain.  (See  Fig.  2-1  for  a  schematic  plot.)  The 
representative  curves  are  dependent  upon  the  degree  of  prestrain  and  upon 
the  amplitude  of  the  diametral  strain  range  through  which  the  material  is 
cycled. 
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Fig.  2-1  Deformation  Approach  to  Low-Cycle  Fatigue 

©  Fracture  approach  -  the  relationship  between  cyclical  range  of  plastic  strain 
and  cycles  to  failure  is  plotted  (see  Fig.  2-2).  Since  the  curve  in  Fig.  2-2 
adequately  correlates  the  end  result  (i.c.  ,  the  values  of  N  ),  the  fracture 
approach  will  be  adopted  to  describe  fatigue  data. 


CYCLES  TO  FAILURE,  N 


Fig.  2-2  Fracture  Approach  to  Low-Cycle  Fatigue 

Excellent  correlation  of  endurance  N  for  mechanical  cycling  has  been  obtained  on  log- 
log  plots  by  selecting  ranges  of  total  strain  per  cycle  (Ae^)  as  the  ordinate.  True 
total  strain  is  much  easier  to  define  and  more  directly  obtained  from  test  measurement 
than  plastic  strain.  Also,  for  low-cycle  failure,  the  plastic  strain  is  so  large  compared 
to  the  elastic  component  that  A€  »  Ac  .  Figure  2-3  indicates  the  narrow  scatter- 
band  of  test  data  measured  on  2024-T4  aluminum  specimens.  These  data  are  for  a 
mean  strain  level,  em  ,  of  zero  and  comprise  results  of  tests  performed  upon  round, 
tapered  (hourglass-shaped)  specimens  under  axial  loading.  Note  how  closely  the  dashed 
line  drawn  at  a  slope  of  -1/2  fits  the  low-cycle  region. 

A  similar  grouping  of  points  is  seen  in  Fig.  2-4,  which  shows  Low's  short-endurance 
fatigue  values  pertaining  to  various  steel  and  aluminum  alloys  (Ref.  11).  This  test, 
again  at  a  mean  strain  of  zero,  was  conducted  with  flat,  rectangular  pieces  having 
good  ductility  and  loaded  in  reversed  bending. 

Figure  1-1  presents  a  composite  of  room  temperature  mechanical  cycling  data.  The 
log-log  straight-line  relationship  and  associated  slope  of  -1/2  still  is  quite  apparent. 
Superimposed  on  the  plot  is  a  correlative  equation  which  will  conservatively  predict 
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Fig.  2-3  Mechanical  Cycling  of  2024-T4  Aluminum  at  Room  Temperature 
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Fig.  2  4  Mechanical  Cycling  of  Various  Materials  at  Room  Temperature 


cycles-to- failure.  Considering  the  limits  of  the  band  of  data,  it  appears  possible  to 
predict  confidently  fatigue  life  well  within  an  order  of  magnitude. 


2.2  STRAIN  RATIO 

The  effects  of  the  strain  ratio  parameter  R  have  been  pointed  out  by  several  of  the 
investigators,  chiefly  Pian  and  D'Amato  (Ref.  6),  and  Sachs,  Gerberich,  and  Weiss 
(Ref.  9).  As  stated  in  Eq.  (2. 1)  the  existence  of  a  strain  ratio,  R  ,  other  than  minus 
one  is  indicative  of  fatigue  cycling  about  a  mean  strain  level.  At  high  levels  of  mean 
strain  (especially  in  combination  with  high  levels  of  cyclical  strain  range)  fatigue  life  is 
definitely  affected,  as  Fig.  1-5  clearly  shows.  To  account  for  strain  ratio,  the  equation 
given  by  Sachs,  Gerberich,  and  Weiss  (Ref.  9)  is  recommended.  This  is  of  the  form: 


N  = 
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(2.2) 


or,  expressed  in  terms  of  strain  ratio  with  the  exponent  (a)  evaluated  as  two,  the 
cycles-to-failure  becomes: 
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The  latter  expression  appears  later  as  Eq.  (G.Gc)  and  is  described  in  more  detail. 

2.3  CYCLE  FREQUENCY 

The  effects  of  loading  frequency  upon  room-temperature  fatigue  life  seem  to  be  negli¬ 
gible  as  indicated  by  Liu  and  Kirsch  (Ref.  5).  These  authors  cited  studies  which  had 
been  conducted  by  others  on  unuotchcd  sheet  specimens  of  2024-T3  with  complete  stress 
reversal  at  frequencies  of  12  io  1000  cpm.  The  fatigue  strength  was  very  slightly  lower 
at  12  cpm,  but  scatter  made  quantitative  estimates  impossible.  The  consensus  among 
those  who  have  investigated  frequency  is  that  no  noticeable  effect  results  from  frequency 
changes  in  applied  loading. 


2.4  SPECIMEN  GEOMETRY 


Specimen  geometry  is  the  next  parameter  to  be  considered.  As  indicated  previously 
and  as  can  be  seen  by  comparing  best-lit  curves  of  Figs.  2-3  and  2-4  (specimens  of 
circular  and  rectangular  cross-section,  respectively),  no  appreciable  effect  can  be 
ascertained  in  strain-cycled  specimens  of  various  sections,  whether  axially-loaded 
or  cycled  in  reverse  bending.  Some  specific  results  of  tests  comparing  notched  and 
unnotched  specimens  of  2024-aluminum  alloy  have  been  published  by  D'Amato  and 
De  Boer  (Ref.  7)  who  tested  flat-bar,  edge-notched  configurations  having  stress  con¬ 
centration  factors  (K^)  of  2.  0  and  4.  0  as  well  as  round  unnotched  specimens.  A 
linear  relationship  on  a  log-log  plot  was  again  established  but:a  slight  offset  of  the 
parallel  curves  (shorter  fatigue  life  for  lower  at  a  given  range  of  strain)  was 
measured.  These  results,  for  a  strain  ratio  of  zero,  are  shown  in  Fig.  2-5.  When 
these  strain  cycling  data  are  normalized  to  the  quarter  cycle  fracture  strain  (by  divid¬ 
ing  all  ordinate  Ae^  by  ^)  they  remarkably  become  nearly  coincident.  This  indi¬ 
cates  that  starting  from  a  given  correlation  equation  (C^  defined)  for  a  known  stress 
concentration  factor,* 
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Then  the  applicable  new  value  of  C^'  can  be  obtained  for  any  other  stress  concentra¬ 
tion,  provided  the  failure  ductilities  are  known  —  that  is, 


(2.  5) 


The  primes  denote  values  associated  with  the  second  value  of  stress  concentration.  This 
tends  to  indicate  that  regardless  of  the  material's  ductility,  life  is  equal  to  the  square 
of  the  ratio  of  the  quarter-cycle  fracture  strain  to  the  total  strain  range  applied. 


*  See  also  Eq.  (0.  10) 


Moreover,  since  biaxial  stresses  were  present  in  the  notched  specimens,  it  appears 
that  the  same  type  of  correlation  equation  exists  for  biaxial  stressing  in  general.  The 
topic  is  treated  more  thoroughly  in  Section  !3. 


D'Amato  (Ref.  8),  in  his  low-cycle  fatigue  studies  involving  axially  loaded  round  speci¬ 
mens,  investigated  three  different  taper  radii  -  0.3,  0.  6,  and  1.  5  inches.  These 
specimens,  tested  between  fixed  limits  of  local  strain,  represented  various  notch  fac¬ 
tors.  Tests  were  conducted  at  a  mean  strain  of  zero.  Figure  2-6  shows  a  very  slight 
improvement  in  fatigue  life  for  the  slightly  larger  radius  specimen.  A  1.  5-in.  taper 
radius  may  be  considered  as  essentially  unnotched.  When  these  data  in  the  low-cycle 
fatigue  range  are  normalized  (see  Ref.  8)  to  quarter-cycle  fracture  strain,  a  single 
curve  with  very  little  scatter  results. 

2.5  CUMULATIVE  DAMAGE 

Another  important  effect  in  low-cycle  fatigue  is  that  of  cumulative  damage.  This  in¬ 
cludes  both  a  consideration  of  impressed  block  patterns  and  a  consideration  of  the 
order  of  the  applied  straining  -  that  is,  whether  the  higher  or  lower  magnitude  strain 
range,  for  example,  of  a  two  block  pattern  is  applied  first.  The  low-cycle,  cumula¬ 
tive-damage  aspects  of  fatigue  are  particularly  important  because  in  actual  service 
applications,  a  structure  is  rarely  exposed  to  a  single  level  of  cyclic  straining. 

Again,  the  tests  conducted  by  D'Amato  (Ref.  8)  appear  most  significant.  He  applied 
two-level  strain  sequences  of  eight  basic  types,  in  which  the  combinations  consisted 
of  such  patterns  as  a  series  of  cycles  at  a  high  mean  strain  followed  by  a  block  at 
zero  mean  strain;  a  block  at  a  high  strain  range  followed  by  a  block  to  failure  at 
low  strain  range,  both  at  constant  i  :  a  series  of  low-amplitude  cycles  at 
t  0  then  one  high  pulse,  followed  by  a  continuation  of  the  original,  low-amplitude 
cycles-to-failure. 


The  Miner's  linear  cumulative  damage  relation 


(2.6) 
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Fig.  2-6  Cycles -to-Failure  for  Three  Configurations  of  2024  Aluminum  Alloy  at  Room  Temperature 


was  used  in  the  correlation  of  data.  The  number  of  cycles  applied  at  the  i  level  of 
strain  is  n.  ,  while  N.  is  the  number  of  cycles  which  produce  failures  at  the  i^1 
level  of  strain.  The  two-level  cumulative  tests  are  represented  schematically  in 
Fig.  2-7. 
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Fig.  2-7  Two-Level  Straining  Sequence 


In  Fig.  2-7,  let  n  =  total  number  of  repetitive  blocks 

“  til 

n.  =  number  of  cycles  of  strain  (per  block)  at  the  i  level 

i  th 

n.  =  total  number  of  applied  strain  cycles  at  the  l  level 

(=  n  n; ) 

* 

N.  =  number  of  cycles  to  produce  failure  at  the  i  strain  level 
(determined  experimentally) 

N  -  predicted  total  cycles  to  failure 

For  each  of  the  cases  considered,  the  index  i  =  1,  2. 
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Re-writing  Eq.  (2.6)  in  expanded  form,  one  obtains 
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or 
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But  the  total  predicted  cycles-to-failure  is 
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which  gives 
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Substituting  n  from  Eq.  (2.7)  into  Eq.  (2.  8)  gives,  finally, 
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Using  a  plot  of  vs.  N  ,  a  predicted  equivalent  strain  range  can  be  found  for  the 

N  derived  for  Eq.  (2.9).  Similarly,  from  a  life  ascertained  from  actual  tests,  an 
equivalent  strain  range  is  determined.  I)' Amato  found  the  agreement  for  observed 
cumulative  life  and  predicted  cumulative  life  to  be  excellent  for  all  programmed  strains. 
Although  Miner's  method  of  prediction  was  excellent  for  these  tests  on  24ST,  the  method 
should  be  verified  for  other  materials  cycled  at  room  temperature  as  well  as  elevated 
temperature. 


2.6  MATERIAL  PROPERTIES 


Certain  material  properties  are  of  interest  because  of  their  influence  upon  fatigue  life. 
The  effect  of  grain  size  at  room  temperature,  although  measurable,  appears  slight. 
Coarse-grained  materials  may  be  expected  to  have  shorter  lives;  larger  grain  size 
implies  larger  crack-propagation  rates  according  to  an  equation  given  by  Valluri 
(Ref.  12). 

Another  property  to  consider  is  the  material's  prestrain  condition.  Coffin  and 
Tavernelli  (Ref.  10)  have  made  analyses  of  materials  at  room  temperature  which 
were  either  in  the  fully  annealed  state  or  which  had  various  amounts  of  prior  strain 
hardening.  The  materials  tested  include  2S  aluminum  and  OFHC  copper.  A  most 
interesting  conclusion  was  that  cyclic  strain  tends  to  remove  the  effects  of  prior  plas¬ 
tic  deformation  and  restores  the  metal  to  that  state  which  it  would  have  achieved  for 
the  equivalent  amount  of  strain  in  the  absence  of  prior  deformation.  To  bear  out  their 
findings,  they  presented  deformation-based  curves  typified  by  Fig.  2-1.  Regardless 
of  the  initial  strain  hardening,  the  curves,  in  approaching  the  cyclic  life,  appeared 
similar  to  those  curves  which  applied  to  the  annealed  material  and  displayed 
nearly  identical  cycles-to-failure.  Moreover,  the  stress  ranges  at  failure  were  in 
agreement  at  a  given  strain-amplitude  range.  Fatigue  failure  often  limited  the  pro¬ 
cess  from  achieving  the  equilibrium  state.  Figure  2-8  shows  the  results  of  2S  alumi¬ 
num  tests  (Ae  vs.  N).  The  observed  scatter  is  considered  minimal. 

P 

The  room-temperature  cyclic-strain  behavior  of  various  structural  materials  has  been 
considered  primarily  from  a  phenomenological  standpoint.  For  better  insight  into 
the  actual  physical  processes  which  precipitate  low-cycle  failure,  further  testing  is 
both  warranted  and  recommended. 
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Fig.  2-8  Effect  of  Prior  Strain  on  Cycles-to-Failure  -  2S  Aluminum 


Section  3 

MECHANICAL  STRAIN  CYCLING  AT  ELEVATED  TEMPERATURES 


Strain  cycling  at  elevated  temperatures  or  isothermal  cycling  have  all  of  the 
variables  present  in  strain  cycling  at  room  temperature  plus  the  variables  of 
temperature  and  time.  As  in  cycling  at  room  temperature,  the  total  strain 
range  ^  is  *-*ie  most  important  parameter,  and  cycles-to-failure  decrease 

with  an  increase  in  total  strain  range.  Only  a  slight  decrease  in  life  is  obtained 
for  a  corresponding  increase  in  cycling  temperature  until  a  critical  temperature 
is  reached  when  there  is  an  abrupt  decrease  in  life.  Cycling  at  elevated  tem¬ 
peratures  makes  cycle  frequency  an  increasingly  important  parameter;  a 
decrease  in  cycle  frequency  results  in  a  considerable  decrease  in  life. 

Frequency  effects  appeared  to  be  insignificant  for  cycling  at  room  temperature. 
Although  these  observations  are  the  result  of  a  limited  amount  of  strain  cycling 
data  available  from  1/4  to  10,000  cycles,  they  do  show  the  importance  of  temper¬ 
ature  and  time.  Additional  investigations  are  necessary  to  evaluate  more  fully 
the  effect  of  temperature  and  time  on  strain  cycling. 

Investigations  of  fatigue  life  of  unnotched  specimens  (R  =  -1)  were  conducted 
by  Johansson  (Ref.  13);  Baldwin,  Sokol,  el  al.  (Ref.  14);  Douglas  Aircraft 
Company  (Ref.  10)  Swindcman  and  Douglas  (Ref.  1G):  Majors  (Ref.  17);  Kennedy 
and  Douglas  (Ref.  18);  Coffin  (Ref.  1(J);  and  Kennedy  (Ref.  20).  The  following 
nine  parameters  were  found  to  be  significant: 
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8.  Grain  size 

7.  Fracture  ductility 

8.  Loading  sequence 

9.  Material 

3.  1  STRAIN  AMPLITUDE 

The  strain  amplitude  is  the  most  important  parameter  investigated,  since  an 
increase  in  amplitude  results  in  a  deci'ease  in  cycles-to-failure.  Some  investi¬ 
gators  recorded  total  strain  range,  while  others  recorded  only  the  plastic  strain 
range.  Unfortunately,  all  investigators  did  not  record  both  strains  for  a  better 
comparison  of  its  effect  on  each  material.  Figures  3-1  and  3-2  show  the  effects 
of  total  strain  range  per  cycle  and  Fig.  3-3  shows  the  effects  of  plastic  strain 
range  per  cycle.  The  total  strain  is  consistent  with  that  obtained  from  room 
temperature  cycling,  but  the  plastic  strain  plot  varies  with  each  material  with 
scatter  considerably  greater  than  that  at  room  temperature.  It  is  possible  that 
all  of  the  materials  except  the  high-strain  cycling  of  the  Inconel  in  Fig.  3-3  would 
fall  within  the  room-temperature  scatter  band  if  the  total  strains  had  been  recorded 
or,  if  in  both  cases,  total  strain  ranges  could  have  been  normalized  with  respect 
to  their  respective  and  individual  quarter-cycle  fracture  strains. 

3.2  TEMPERATURE 

The  effect  of  temperature  on  cycies-to-failure  is  shown  in  Figs.  3-4  through  3-10 
for  five  different  steels.  An  increase  in  temperature  has  only  a  slight  effect  in 
reducing  the  cycles-to-failure  until  a  critical  temperature  is  reached:  then  there 
is  a  drastic  reduction  in  life  as  shown  in  Fig.  3-10  for  P.  II.  19-7  Mo-R.  H.  950 
steel.  The  critical  temperature  is  very  close  to  the  heat-treat  temperature  for 
the  material. 

Johansson's  (Ref.  13)  investigation  of  18-8,  13%  Cr,  and  3Cr-4Mo  steels  recorded 
in  Figs.  3-4,  3-5  and  3-8.  respeol ively,  show  a  slight  decrease  in  life  with  increas¬ 
ing  temperatures  to  500°  C  will)  little  scatter.  The  same  observation  can  be  made 
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for  347  and  P.  H.  15-7  stools  as  shown  in  Figs.  3-7  through  3-9.  Only  P.  H.  15-7 
cycled  at  900°  F  showed  a  drastic  reduction  of  life  when  an  increase  in  temperature 
from  800°  F  to  900°  F  decreased  the  life  from  2,000  cycles  to  7  cycles.  In  other 
testing  at  the  same  temperature  range  for  the  same  material,  but  at  a  more  critical 
stress  ratio  (Fig.  3-8  and  3-9),  a  drastic  reduction  of  life  was  not  observed;  there¬ 
fore,  at  this  critical  temperature,  there  possibly  would  have  been  an  extreme  scatter 
in  the  results  had  there  been  sufficient  data  available.  It  is  likely  that  the  critical 
temperature  where  the  metal  becomes  unstable  is  the  heat-treat  temperature.  For 
structural  soundness,  this  temperature  should  be  avoided. 

3.3  CYCLE  FREQUENCY 

The  effects  of  cycle  frequency  are  recorded  in  Figs.  3-8  through  3-11.  The  cycle 
frequency  of  10  cpm  and  700  cpm  investigated  by  Douglas  Aircraft  Co.  (Ref.  15), 
for  P.  H.  15-7  through  a  temperature  range  of  70°  F  to  900°  F,  had  no  effect  on 
cycles-to-failure.  Swindeman  and  Douglas'  (Ref.  16)  investigation  of  Inconel  at 
1500° F  (Fig.  3-11)  at  frequencies  of  l/2  and  l/30  cpm  showed  that  a  slight  reduction 
of  life  was  obtained  at  1/30  cpm  at  lives  up  to  100  cycles.  Above  100  cycles,  an 
appreciable  reduction  is  observed  which  indicates  that  time  is  an  important  parameter. 
Possibly,  only  the  influence  of  time  at  temperature  introduced  creep  effects  into  the 
results.  Additional  testing  will  be  required  to  evaluate  thoroughly  the  cycle-frequency 
effect. 

3.4  LOAD  RATE 

Swindeman  and  Douglas  studied  the  effect  of  cycle  loading  at  a  particular  frequency 
on  the  number  of  cycles-to-failure.  They  tested  Inconel  at  periods  of  2  minutes 
per  cycle  using  two  different  loading  methods  to  determine  the  resultant  effect. 

The  first  method,  which  they  called  creep  cycling,  was  done  by  using  a  constant 
load  and  by  creeping  the  test  specimen  to  the  desired  strain.  The  second  method, 
termed  relaxation,  was  done  bv  loading  the  specimen  rapidly  to  the  desired  strain, 
then  holding  at  that  strain  tor  the  cyclical  period.  These  two  methods  of  loading 
resulted  in  no  change  in  life  as  shown  in  Fig.  3-12  for  Inconel  at  1500°  F. 


3.5  GEOMETRY 


The  specimen  geometry  was  investigated  by  Swindeman  and  Douglas.  Most  of  the 
thermal  cycling  was  done  on  hollow  specimens,  while  the  isothermal  tests  were  on 
solid  specimens.  The  effect  of  geometry  should  perhaps  be  questioned  in  comparing 
their  test  results.  Figure  3-13  shows  that  at  1600°  F,  the  Inconel  tube  and  rods  fail 
within  the  same  scatterband,  indicating  no  appreciable  difference  in  results  due  to 
geometry.  The  rod  data  are  on  the  high  side  and  could  be  attributed  to  the  grain 
size  since  the  Inconel  rod  has  finer  grain  than  Inconel  tubes. 

3.6  GRAIN  SIZE 

The  effect  of  grain  size  on  cycle-to-failure  on  Inconel  is  shown  in  Fig.  3-14  for  fine 
grain  and  Fig.  3-15  for  coarse  grain.  At  all  temperatures  -  1300,  1500,  and  1600°  F- 
the  fine  grain  results  in  more  fatigue  life  for  the  same  plastic  strain  range  (Atp)  . 

3.7  FRACTURE  DUCTILITY 

Fracture  ductility  (t^,  which  is  the  amount  of  true  strain  at  failure  for  a  static  tensile 
test  at  N  =  1/4  cycle,  is  an  important  parameter  used  in  the  equation  for  predicting 
cycles-to-failure.  Baldwin,  Sokol  and  Coffin  (Ref.  14)  compare  the  fracture  ductility 
for  type-347  stainless  steel  at  various  temperatures,  with  the  constant  "C"  in  equation 
Ac  =  C.  Their  assumption  was  that  k  -  1/2;  then  C  =  e^/2  when  N  =  l/4  and 
At  =  c  .  As  the  cycles  decrease  with  an  increase  in  temperature  for  a  constant 
At  ,  the  fracture  ductility  (t^.)  does  not  decrease  as  the  equation  requires.  A  com¬ 
parison  of  2C  with  tj.  is  shown  in  Table  3-1 .  The  constant  2C  varies  from  0.  86  to 
1.90,  while  tj.  varies  from  0.59  to  1.32  with  the  largest  discrepancy  at  the  higher 
temperatures;  therefore,  the  correlation  Is  not  very  good.  The  discrepancy  may  lie  in 
the  determination  of  C  ,  since  there  is  not  sufficient  data  between  N  =  l/4  and  1000 
cycles  for  isothermal  testing  to  evaluate  accurately  the  fracture  ductility  parameter,  C  , 
with  the  relationship  N*' At  =  C. 
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3.  8  LOADING  SEQUENCE 


Sequence  of  loading  effect  on  cycles -to-failure  was  investigated  by  Baldwin,  Sokol  and 
Coffin  for  type-347  stainless  steel  at  350°  C  at  very  low  plastic  strain  ranges.  Only  a 
slight  effect  in  total  cycles-to-failure  was  obtained  for  the  eight  sequences  of  testing.  The 
use  of  Miner's  linear  rule  indicated  that  initial  low-amplitude  strain  cycling  accumulated 
more  damage  (percent  of  life  was  higher)  than  for  the  tests  where  the  high  strains  were 
cycled  first.  Table  3-2  lists  the  cycle  plastic  strains  for  each  test,  the  total  number  of 
cycles-to-failure,  and  percent  of  life.  The  "A"  tests  were  first  cycled  at  a  definite 
number  of  high  strains,  then  cycled  at  a  lower  strain  until  failure.  Tests  "B"  and  "D" 
were  cycled  opposite  to  the  "A".  The  two  "C"  tests  were  cycled  at  three  strain  levels. 
This  testing  was  done  at  very  low  plastic  strain  ranges,  and  testing  at  higher  total 
strain  ranges  could  possibly  improve  the  results.  D'Amato  (Ref.  8)  did  cycle  24ST 
at  room  temperature  at  higher  magnitude  total  strain  ranges  and  obtained  excellent 
results  using  Miner's  linear  rule. 

3.9  MATERIALS 

The  eight  materials  that  were  cycled  at  elevated  temperatures  are  shown  in  Figs.  3-1, 

3-2,  and  3-3.  Four  of  the  steels  were  within  the  room  temperature  scatterband  of  total 
strain  vs.  cycles-to-failure.  The  other  four  materials  tested  had  recorded  the  plastic 
strain  only,  and  these  are  plotted  in  Fig.  3-3  along  with  the  scatterband  for  room- 
temperature  cycling.  This  plot  of  plastic  strain  does  not  result  in  a  single  band  but 
is  scattered  throughout  the  chart  giving  a  single  straight  line  whose  slope  varies  with 
each  material.  It  is  possible  that  if  the  total  strains  were  known  for  these  last  four 
materials,  then  only  the  high-strain  cycles  for  Inconel  would  not  lie  within  the  room- 
temperature  band. 

The  following  summarir.es  the  effects  of  the  three  important  parameters  on  cycles  to 
failure  for  isothermal  cycling: 

•  Total  strain  range  is  predominant 

•  Temperature  has  little  effect  until  a  metallurgically  critical  temperature 
Is  reached 

•  Very  low  cycle  frequency  is  more  detrimental  to  fatigue  life. 
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Fig.  3-1  Mechanical  Cycling  of  Various  Steels  at  300°  C 
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Fig.  3-2  Mechanical  Cycling  of  Various  Steels  at  500 °C 
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Fig.  3  3  Mechanical  Cycling  of  Various  Materials  at  Elevated  Temperatures 
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Fig.  3-4  Mechanical  Cycling  of  18-8  Steel  at  Elevated  Temperatures 


o  o 

o 

310A3  d3d  39N  Vd  NlVdlS  1VJ.01 


O 

O 

o 


tii. 


SV 


3-12 


I 


sf 


310A0  d3d  39NVd  NlVdlS  1V101 


1 

i 


3-13 


Fig.  3-6  Mechanical  Cycling  of  3Cr-0.  4Mo  Steel  at  Elevated  Temperatures 
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Fig.  3  7  Mechanical  Cycling  of  Type-347  Stainless  Steel  at  Elevated  Temperatures 
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Fig.  3-11  Mechanical  Cycling  of  Inconel  at  1500' 
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Fig.  3-12  Relaxation  and  Creep  Cycling  of  Inconel  at  1500 


Fig.  3-13  Mechanical  Cycling  of  Inconel  Tubes  and  Rods  at  1600' 


Fig.  3-14  Mechanical  Cycling  of  Fine-Grain  Inconel  at  Elevated  Temperatures 
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at  Elevated  Temperatures 


Section  4 

THERMAL  CYCLING 


4.  1  GENERAL 

Thermal  cycling  as  defined  here  differs  from  mechanical  cycling  in  the  following  way: 

In  thermal  cycling,  the  specimen  remains  the  same  length  during  cyeling,  while  in 
mechanical  cycling  the  length  changes  as  the  strain  changes.  For  thermal  cycling,  the 
specimen  can  be  completely  restrained  between  rigid  structure  and  then  heated  to  a 
maximum  temperature,  or  it  could  be  completely  restrained  in  its  expanded  configura¬ 
tion  after  being  heated  to  maximum  temperature.  Either  method  of  restraint  gives 
the  same  results,  as  Coffin  (Ref.  19)  discovered. 

One  of  the  simplest  ways  of  describing  the  fundamentals  of  thermal  cycling  is  through 
discussion  of  a  mechanically  constrained  bar  (Fig.  4-1).  The  bar  is  cycled  between  two 


Fig.  4-1  Ideal  Plastic  Stress-Strain  Curve 


temperatures  so  that  it  attempts  to  expand  and  contract  alternately.  The  bar,  being  con¬ 
strained  against  expansion  or  contraction,  is  accordingly  thermally  stressed.  Even 
though  there  is  no  external  evidence  of  a  change  in  the  length,  the  bar  is  being  sub¬ 
jected  to  a  mechanical  strain  equal  to  the  thermal  strain  that  would  result  if  the  con¬ 
straints  were  absent. 

In  showing  graphically  the  mechanism  of  thermal  cycling,  an  ideally  plastic  material 
is  assumed.  The  hypothetical  stress-strain  curve  is  shown  in  Fig.  4-1.  It  consists 
of  a  straight  line  with  some  slope  from  the  vertical  between  the  origin  and  the  yield 
stress  and  a  horizontal  constant  stress  line  during  yielding. 

If  one  assumes  that  the  bar  is  uniformly  heated  to  a  thermal  strain  of  (aAT),  con¬ 
strained,  and  then  uniformly  cooled  to  a  AT  =  0,  there  are  three  possible  cycling 
paths  on  the  ideal  stress-strain  curve.  These  three  cycling  paths  are  as  follows: 

(1)  the  thermal  strain  (a  AT ^  is  less  than  the  yield  strain  (2)  thermal  strain 
(orATg)  is  greater  than  but  less  than  2c^;  (3)  thermal  strain  (oAT^)  is  greater 
than  2c^  .  All  of  the  thermal  cycling  data  reported  here  are  for  thermal  strains  greater 
than  twice  the  yield  strain.  The  net  strain  for  these  data  is  zero: 

a  AT  -  Ac  -  Ae  =0 
e  p 


where 

Ac  =  elastic  strain  range 
At  -  clastic  strain  range 

p 

a  AT  -  thermal  strain  range 
and  end  constraint  (iofloction  is  neglected. 

Most  materials,  when  subjected  to  plastic  strain,  show  strain  hardening  or  softening 
which  results  in  a  changing  stress-strain  curve  during  cycling.  Even  the  Baushinger 


effect  changes  the  stress-strain  curve  because  it  reduces  the  yield  stress  in  one 
direction.  Therefore,  the  ideal  stress-strain  curve  shown  above  is  not  realistic 
but  it  does  show  the  paths  of  straining. 


A  considerable  amount  of  experimental  work  has  been  done  with  thermal  cycling  on 
various  materials  by  several  investigators  (Refs.  3,  4,  16,  17,  19,  21  — 29).  All 
of  this  work  covered  only  a  small  range  of  total  strain  (a;  AT)  from  0.006  to 
0.015  in.  /in.  ,  which  resulted  in  cycles-to-failure  from  7  to  the  limit  reported  here 
of  10,000  cycles.  Only  eight  test  points  are  below  270  cycles-to-failure  (Fig.  1-3). 
Included  in  Fig.  1-3  is  the  scatterband  for  mechanical  cycling  at  room  temperature. 
Data  from  all  six  materials  tested  lie  within  a  small  scatterband,  as  did  mechanical 
cycling  data  for  elevated  temperatures,  but  this  band  is  almost  horizontal,  which 
suggests  that  thermal  cycling  differs  from  mechanical  cycling  and  is  nearly  inde¬ 
pendent  of  the  temperature  change  AT  for  temperatures  and  materials  included  in 
the  data.  Coffin's  original  work  (Ref.  3)  with  type  347-stainless  steel  encouraged 
subsequent  experimental  work.  The  recent  work  has  been  devoted  to  an  extension 
of  Coffin's  work  in  an  attempt  to  substantiate  or  to  refute  it,  and  all  of  the  effects  of 
various  parameters  that  have  been  investigated  lie  within  this  very  narrow  horizontal 
scatterband.  It  is  probable  that  the  conclusions  reached  by  these  investigators  were 
influenced  by  the  limited  range  of  data. 


Coffin  and  many  other  investigators  used  the  parameter  plastic  strain  range  (Ae  ) 
for  predicting  cycles  to  failure.  For  the  cycles  investigated,  only  three  materials 
wore  within  the  plastic  strain  range  where  failure  occurred  in  less  than  10,000 
cycles.  These  results  arc  plotted  in  Fig.  4-2.  The  cycle  range  is  from  400  to 
10,000  cycles,  which  hardly  covers  the  complete  low-cycle  range,  and  the  scatter 
is  larger  than  it  was  for  mechanical  cycling  at  room  temperature. 


Only  the  following  four  parameters  were  investigated  for  thermal  cycling,  and  their 
effects  on  cycles-to-failure  will  be  discussed  in  detail. 

1.  Strain  amplitude 

2.  Stress  concentrations 

3.  Temperature 

4.  Hold  time  at  maximum  temperature 

Prior  thermal  cycling  effects  on  the  stress-strain  and  creep-rupture  characteristics 
of  a  material  will  be  discussed,  as  well  as  the  effect  of  prior  creep  on  the  thermal 
cycles-to-failure. 

4.2  STRAIN  AMPLITUDE 

As  in  mechanical  cycling,  there  are  two  strain  parameters,  total  and  plastic,  to  be 
considered  for  thermal  cycling,  and  each  parameter  has  a  different  effect  on  the 
cycles-to-failure.  The  total  strain  range,  defined  as  (a  AT),  has  almost  no  effect  on 
cycles-to-failure.  Coffin  (Ref.  3)  measured  the  total  strain  for  thermal  cycling  of 
347-stainless  steel  at  various  temperature  changes  (AT)  at  a  constant  mean  tempera¬ 
ture  of  350°  C.  He  plotted  this  measured  strain  against  AT  and  showed  that  the  total 
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strain  is  identical  with  a  total  strain  calculated  by  a  AT  for  an  a  of  20  x  10  in. /in.  /°C. 
(See  Fig.  4-3.)  If  we  assume  cv  AT  equal  to  the  total  strain  range  (Af^,^)  and  a  value 
of  a  at  the  mean  temperature,  the  total  strain  range  was  calculated  for  the  materials 
that  were  investigated  for  which  temperature  changes  were  recorded.  These  calculated 
values  are  plotted  in  Fig.  1-3  using  log-log  coordinates  so  that  a  comparison  of  total 
strain  range  vs.  cycles-to-failure  can  be  made  with  mechanical  cycling.  This  plot  results 
in  an  almost  horizontal  scatterband  which  indicates  that  the  cycles-to-failure  are  not 
affected  by  total  strain  for  the  materials  investigated.  The  band  is  below  that  for  me¬ 
chanical  cycling  at  room  temperature,  the  two  approaching  each  other  at  an  N  of  10,  000 
cycles.  A  semilog  plot  of  total  strain  vs.  cycles-to-failure  does  not  improve  the  con¬ 
clusions  either  (Fig.  4-4). 


Plastic  strain  range  appears  to  be  a  better  parameter  because  it  has  an  effect  on 
cycles-to-failure.  As  seen  in  Fig.  4-2,  an  increase  in  plastic  strain  results  in  a 
definite  decrease  in  cycles-to-failure.  The  four  materials  plotted  are  the  only  ones 
for  which  plastic  strain  was  recorded  and  were  tested  only  from  400  to  10,  000  cycles. 
The  difficulty  in  drawing  specific  conclusions  regarding  the  effects  of  plastic  strain 
range  is  due  to  the  vagueness  of  the  methods  used  to  separate  this  strain  from  the 
total  strain  range.  For  the  four  materials  plotted,  no  explanation  was  given  as  to 
how  the  plastic  strain  was  determined.  Two  methods  used  to  determine  this  com¬ 
ponent  are  (1)  to  read  the  strain  directly  from  a  cycle  stress-strain  curve  or  (2)  to 
assume  that  the  elastic  portion  is  equal  to  twice  the  yield  strain  at  an  assumed  tem¬ 
perature.  The  first  method  is  best  because  it  accounts  for  the  strain  hardening  or 
softening  due  to  cyclic  straining  and  there  are  no  assumptions  made.  The  second 
method  is  only  an  assumption,  but  it  does  have  some  merit  as  previously  discussed. 
However,  Mehringcr  and  Felgar  (Ref.  21)  showed  that  the  plastic  strain  was  too  small 
to  calculate  with  any  accuracy  for  cast  DCM  and  cast  Udimet  500.  In  fact,  they  suggest 
using  stress  range  as  a  parameter.  Stress  range  was  shown  to  be  an  unusable  param¬ 
eter  in  the  discussion  of  mechanical  cycling  at  room  temperature,  but  it  could  possibly 
be  the  predominate  parameter  for  thermal  cycling. 


4.3  STRESS  CONCENTRATIONS 


In  Ref.  24,  Coffin  thermal-cycled  a  specimen  with  a  0.  04-in. -diam.  hole  and  showed 
that  stress  concentrations  reduce  the  cycles-to-failure.  These  data,  which  are  the 
only  experimental  test  results  in  the  literature,  are  presented  in  Figs.  4-5  and  4-6. 
They  show  that  the  notched  data  fall  outside  of  the  seatterband  of  the  other  material 
(Fig.  4-5)  and  lie  below  and  to  the  left  of  the  unnotched  results  (Fig.  4-6). 

4.4  TEMPERATURE 

The  effect  of  temperature  on  cyeles-lo  failure  has  been  studied  by  investigating  four 
temperature  combinations  as  follows: 

||  a.  Constant  mean  temperature  varying  the  maximum  temperature 
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b.  Constant  minimum  temperature  varying  the  maximum  temperature 

c.  Constant  temperature  differentia]  varying  the  maximum  temperature 

d.  Varying  maximum  temperature  with  a  varying  minimum  temperature 

All  four  temperature  combinations  decrease  the  cycles-to-failure  with  an  increase  in 
maximum  temperature. 

The  effect  of  constant  mean  temperature  for  347-stainless  steel  is  shown  in  Fig.  4-6. 

Four  materials  S-816,  Inconel  550,  Crucible  422  and  cast  DCM  are  plotted  in  Fig.  4-7 
for  a  minimum  temperature  of  200°  F.  Figures  4-8  and  4-9  show  the  effect  of  an  in¬ 
creasing  maximum  temperature  for  a  constant  temperature  differential.  Varying  the 
minimum  temperature  with  maximum  temperature  is  recorded  in  Figs.  4-10  and  4-11 
All  of  these  figures  are  constructed  with  semilog  coordinates  which  appear  to  give  a 
definite  slope  to  the  curve,  but  when  these  results  are  replotted  to  log-log  coordinates 
to  total  strain  as  shown  in  Fig.  1-3,  these  various  effects  seem  unimportant.  The 
calculation  of  the  total  strain  was  performed  by  assuming  a  coefficient  of  linear  ex¬ 
pansion  (a)  at  a  mean  temperature  multiplied  by  the  temperature  differential  (AT). 

Since  this  assumption  has  been  shown  above  to  be  valid  as  a  reasonable  approximation, 
the  effects  of  various  temperature  combinations  would  appear  to  be  of  minor  importance 
for  thermal  cycling. 

4.  5  HOLD  TIME  AT  MAXIMUM  TEMPERATURE 

Hold  time  at  maximum  temperature  for  isothermal  cycling  was  shown  previously  to  be 
important,  but  for  thermal  cycling  it  showed  no  effect  on  cycles-to-failure  for  the  three 
investigations  that  were  made.  Gauss  and  Freeman  (Ref.  23)  varied  the  hold  time  from 
15  sec  to  60  sec  for  Inconel  550  and  S-816  with  no  effect  for  increased  hold  times 
(Figs.  4-12  and  4-13).  Coffin  (Ref.  3)  studied  347-stainless  steel  at  hold  times  of  6, 

18,  60  and  180  sec  and  again  no  effects  on  cycles-to-failure  were  observed  (Fig.  4-14). 
However,  the  total  elapsed  time  at  maximum  temperature  with  hold  time  for  all  three 
materials  (Fig.  4-15)  before  fracture  occurred  was  obviously  greater  for  longer  hold  times. 
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The  general  effect  of  strain  cycling  is  to  produce  a  small  crack  or  several  small  cracks, 
and  with  continued  cycling  these  cracks  will  serve  as  stress-raisers  and  cause  prema¬ 
ture  failure.  Thermal  cycling  does  not  result  in  this  effect.  Coffin  (Ref.  3)  thermal  - 
cycled  some  specimens  of  347-stainless  steel  between  200°  C  and  500°  C  for  2,000  to 
10,  000  repetitions  in  2,  000-cycle  intervals.  Following  this  cycling,  true  stress-strain 
tests  were  carried  out  to  observe  the  structural  changes  in  the  material  resulting  from 
the  previous  cycling.  Such  a  test  should  bring  out  clearly  the  progressive  deterioration 
of  the  polycrystalline  structure,  the  brittleness,  or  the  presence  of  fatigue  cracks, 
should  any  of  these  possible  modes  of  failure  occur  progressively  with  strain  cycling. 
Figure  4-16  shows  that  all  stress-strain  curves  obtained  from  this  testing  were  simi¬ 
lar  regardless  of  number  of  cycles,  which  indicates  that  thermal  fatigue  has  little  effect 
on  the  material  properties. 

Therefore,  for  thermal  cycling  some  parameters  have  a  slight  effect  on  life,  but  no 
definite  conclusions  can  be  made  about  these  effects,  for  they  only  produced  small 
changes  within  the  scatterband.  Stress  concentrations  do  reduce  cycles-to-failure, 
and  thermal  cycling  is  independent  of  temperature  differences  or  total  strain  (a  AT). 

Only  the  plastic  strain  parameter  has  some  merit,  but  it  is  difficult  to  calculate  the 
plastic  strain,  and  data  are  quite  limited  in  which  the  plastic  component  has  been 
recorded. 

The  effects  of  unconstrained  thermal  cycles  on  the  material  properties  and  the  effects 
of  thermal  cycling  on  the  stress-rupture  life  were  also  investigated. 

The  Lockheed-California  Company  (Ref.  2H)  has  obtained  some  mechanical  properties 
of  Rene''  41  and  L-605  alloys  after  exposure  to  ten  thermal  unconstrained  cycles  and 
two  soak  times.  The  thermally  cycled  specimens  were  tested  for  mechanical  proper¬ 
ties  at  four  temperatures.  At  these  four  temperatures,  the  mechanical  properties 
were  almost  Identical  to  the  tensile  properties  for  no-soaking  cycles  at  the  same  test 
temperatures.  Nine  cycle  frequencies  were  tested  (Fig.  4-  17).  The  results  of  three 
cycles  (Nos.  1,  2,  and  3)  were  slightly  lower  for  Rene  41,  but  all  of  the  cycle  frequencies 
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resulted  in  almost  identical  effects  for  the  L-605  alloy.  The  soak  times  were  10  and 
20  hours  at  1800°  F  and  2000°  F.  The  20-hour  soak  at  2000°  F  resulted  in  mechanical 
properties  at  room  temperature  which  were  65  percent  of  the  room-temperature  prop¬ 
erties  for  both  materials.  The  soaking  at  1800°  F  reduced  the  properties  for  Rene^  41 
more  than  they  did  for  the  L-605  alloy.  These  ultimate-  and  yield-strength  properties 
are  listed  in  Tables  4-1  and  4-2.  - 

Clauss  and  Freeman  (Ref.  29)  investigated  the  effect  on  ductility  and  stress-rupture 
life  for  S-816  and  Inconel  550  exposed  to  prior  thermal  cycling.  They  also  investigated 
the  effect  on  thermal  cycles-to-failure  after  exposure  to  stress  rupture.  The  ductility 
of  S-816  decreased  after  exposure  to  thermal  cycling,  while  no  effect  was  observed 
for  Inconel  550.  After  an  exposure  of  prior  thermal  cycling,  the  stress-rupture  life 
of  S-816  was  increased  but  the  life  for  Inconel  550  was  decreased.  Prior  stress- 
rupture  exposure  of  40,  000  psi  at  1350°  F  decreased  the  cycles  of  thermal  cycling  to 
failure  for  S-816,  although  a  stress  exposure  of  56,  500  psi  at  1350°  F  to  Inconel  550 
increased  the  cycles  of  thermal  cycling-to-failure. 

In  summary,  the  fatigue  failure  mechanism  of  thermal  cycling  is  not  comparable  to 
mechanical  cycling,  and  each  investigator  has  investigated  only  a  relatively  small  region 
of  cycles-to-failure.  Therefore,  a  fundamental  experimental  investigation  should  be 
initiated  to  determine  the  material  behavior  phenomenon  due  to  thermal  cycling.  Such 
an  investigation  should  be  accompanied  by  a  theoretical  study  to  discover  the  factors 
responsible  for  thermal-cycling  fracture  phenomena. 


Table  4-1 


MECHANICAL  PROPERTIES  OF  RENE  41  AND  L-605  ALLOYS 
AFTER  EXPOSURE  TO  TEN  THERMAL  UNCONSTRAINED  CYCLES 


Test  Temp. 
To  Obtain 
Properties 

Thermal  Unconstraine 

i  Cycles 

Cycles 

Cycles  1,2,3 

Cycles  1A,  2 A,  3 A 

Cycles  IB,  2B,  3B 

No  Soak 

F.  * 
tu 

F. 

ty 

Ftu 

Fty 

Ftu 

Fty 

Ftu 

Fty 

Rene  41 

181 

125 

167 

122 

182 

130 

R.  T. 

164 

115 

176 

120 

183 

136 

188 

138 

165 

107 

174 

118 

179 

132 

57 

53 

1700°  F 

56 

49 

58 

55 

56 

49 

34 

27 

1800°  F 

38 

26 

36 

28 

32 

26 

7.9 

4.7 

2000°  F 

7.  8 

5.0 

7.6 

4.6 

8.2 

4.8 

L-605 

123 

66 

121 

67 

116 

69 

R.  T. 

118 

66 

112 

67 

138 

88 

145 

71 

134 

88 

133 

86 

132 

81 

36 

29 

1700°  F 

35 

30 

35 

25 

35 

29 

26 

16 

1800°  F 

26 

16 

26 

18 

26 

i? 

13.9 

7.6 

2000°  F 

11.6 

8.6 

10.  8 

7.7 

11.0 

9.0 

* 

All  stresses  arc  in  kips  per  square  inch 
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Fig.  4-2  Thermal  Cycling  of  Various  Materials  -  Plastic  Strain  vs.  Cycles-to-Failure 
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Cycling  of  Smooth  Speciments 
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Fig.  4  7  Thermal  Cycling  at  a  Constant  Minimum  Temperature  Varying  the  Maximum  Temperature 
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Fig.  4  11  Thermal  Cycling  of  Cast  Udimet  500  at  Various  Minimum  Temperatures 
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Fig.  4-14  Thermal  Cycling  of  Type-347  Steel  at  Various  Hold  Times  at  Maximum  Temperature 
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Fig.  4-15  Elapsed  Time  at  Maximum  Temperature  for  Thermal  Cycling 


Fig.  4-16  True  Stress-Strain  Curves  Following  Thermal  Cycling  of  Type-347  Stainless  Steel 
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Fig.  4- 17  Thermal  Unconstrained  Cycles 


Section  5 

BIAXIAL  STRESS  CYCLING 


Strain  cycling  at  a  biaxial  stress  ratio  of  one-half  or  less  can  be  obtained  by  reversed 
bending  of  a  wide  .flat  sheet  which  yields  the  maximum  biaxialitv  of  one-half  whenever 
the  widlh-to-thickness  ratio  (W/l)  is  greater  than  8  and  Poisson's  ratio  is  one-half. 

For  values  of  W/t  below  eight,  Hie  .stress  biaxialitv  varies  approximately  linearly 
with  W/t.  Sachs,  Gerberich  and  Weiss  (Ref.  9)  have  studied  reversed  bending  cycling 
on  three  materials  (A-302  steel,  5454-0  aluminum  and  2024-T4  aluminum)  and  the 
effects  of  strain  ratios,  width -to-Lhickness  ratios,  and  elevated  temperatures.  Low 
studied  two  aluminum  alloys  and  three  steels  at  a  constant  W/t  ratio  which  is  discussed 
in  Section  2.  Their  testing  did  not  include  results  at  low  cycles  and  high  strains  because 
of  excessive  curvature  and  buckling.  Failure  did  occur  at  the  center  of  the  surface 
■where  biaxiality  is  greatest  and  ductility  is  usually  least. 

In  general,  the  effects  of  the  stress  ratios,  width-to-thickness  ratios,  and  elevated 
temperatures  were  identical  to  uniaxial  mechanical  cycling  at  room  temperature. 

Figures  5-1  through  5-8  show  that  most  of  (lie  tost  results  lie  within  the  band  for 
mechanical  cycling  at  room  temperalure.  The  stress  ratio  of  0.  875  resulted  in 
three  points  outside  of  the  scalier  for  A-302  sleel  and  5.151-0  aluminum  in  Figs.  5-1 
and  5-2  which  is  similar  to  uniaxial  cycling.  The  test  results  on  2024-T4  aluminum 
at  a  stress  ratio  of  (-1)  shown  in  Figs.  5-3  and  5-6  fell  below  the  scatlerband  at  the 
highest  strain  ranges.  Several  points  wore  above  the  scatter  for  A-302  steel  for 
various  W/t  ratios  in  Figs.  5-4  and  5-7;  however,  some  of  Queer's  results  (Ref.  30) 
for  the  same  material  for  a  W.  t  ratio  of  5.0  wore  outside  of  the  scatter,  indicating 
that  the  results  may  be  correct,  but  unexplained. 

Although  a  few  points  did  nnl  lie  within  the  seal lerband,  il  is  encouraging  to  nolo 
that  the  biaxial  stress  condition  produced  the  same  results  as  uniaxial  testing. 


Although  the  condition  of  biaxiality  is  a  special  case  applicable  to  cylindrical  pressure 
vessels,  it  does  afford  the  opportunity  to  predict  fatigue  life  from  uniaxial  experimental 
results. 

In  Refs.  31,  32,  and  33,  results  are  reported  on  the  effects  on  cycles-to-failure 
of  cycle  frequency,  welding,  and  notches  for  A-302  and  A-201  steels.  As  expected, 
the  notched  and  welded  specimens  gave  results  below  the  scatterband,  and  the 
frequency  resulted  in  very  little  effect  on  cycles-to-failure.  These  data  are  quite 
limited,  and  all  of  the  experimental  results  are  greater  than  2,000  cycles-to- 
failure  (Fig.  5-9). 


Fig.  5-1  Bending  Cycles  for  A-302  Steel  at  Various  Stress  Ratios 


Fig.  5-2  Bending  Cycles  for  5454-0  Aluminum  at  Various  Stress  Ratios 


Fig.  5-3  Bending  Cycles  for  2024-T4  Aluminum  at  Various  Stress  Ratios 
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5-4  Bending  Cycles  for  A-302  Steel  at  Various  Specimen  Width-to-Thickness  Ratios 
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Fig.  5-6  Bending  Cycles  for  2024-T4  Aluminum  at  Various  Specimen  Width-to-Thickness  Ratios 
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Fig.  5-9  Bending  Cycles  for  A-302  and  A-201  Steel 


Section  6 

METHODS  OF  PREDICTING  LOW  CYCLE  FATIGUE 


There  appears  to  be  no  single  expression  which  will  accurately  predict  the  cycles-to- 
failure  for  all  materials  for  all  three  cycling  conditions  (mechanical  loading  at  room 
temperature,  mechanical  loading  at  elevated  temperature,  and  thermal  variation  with 
mechanical  fixity).  A  single  expression  can  be  derived  for  mechanical  cycling  at 
room  temperature  and  elevated  temperature  which  is  conservative  for  all  cycles  be¬ 
tween  1/4  and  10,000.  This  expression  is  extremely  conservative  for  cycles  greater 

than  200  (Fig.  1-1)  and  is  written  as  follows: 

\ 


"0.  289  _  J_  /  I  +  R  \ 
Actr  "  2  \1  -  R  / 


(6.1) 


Additional  experimental  results  are  necessary  for  thermal  cycling  before  a  more  ac¬ 
curate  expression  for  predicting  cycles-to-failure  can  be  determined. 


Several  investigators  (Refs.  3,  4,  7  and  9)  have  arrived  at  expressions  for  predicting 
the  cycles-to-failure.  Manson  arrived  at  the  relationship 

N  =  K/,n  (6.  2) 

where  K  and  n  are  material  constants  determined  from  tests  and  c  is  plastic  strain. 


From  plotting  the  data  of  Sachs  el  al.  (Ref.  2)  for  24 -ST  aluminum  which  pertained  to 
mechanical  cycling  at  room  temperature,  Manson  found  the  exponent  n  equal  to  three. 
Concurrently,  Coffin  (Ref.  19)  arrived  at  a  similar  expression  from  his  investigations 
on  thermal  cycling  of  .‘147-stainless  steel  as  follows: 


V  -'X 

N  A'. 


6-  1 


C 


(6.3) 


2-04-61-1 


where  C  and  k  are  material  constants  determined  from  tests  and  Ae^  is  the  plastic 
strain  range  per  cycle. 


Coffin's  data  yielded  an  exponent  k  equal  to  + 1/2  which  would  be  an  exponent  n  equal 
to  2  for  Manson's  relationship.  Coffin  found  that  by  plotting  the  total  plastic  strain 
(NA£p)  against  cycles -to-failure  (N)  on  log-log  coordinates  with  the  fracture  ductility 
(e^)  used  for  Ae^  at  N  equal  to  l/4,  the  plot  resulted  in  a  straight  line.  The  plot  for 
annealed  as  well  as  cold-worked  347-stainless  steel  gave  similar  linear  relationships. 
The  constant  C-  varied  with  each  material  and  is  determined  from  Eq.  (6.3) 


assuming  Ae^  = 


fracture  ductility. 


at  N  =  1/4,  which  neglects  the  elastic  strain  portion  of  the 


If  one  uses  these  assumptions  and  sets  k  =  1/2,  C  becomes  equal  to  and  the  ex¬ 
pression  becomes 


D' Amato  and  Sachs  (Refs.  7  and  9)  concurrently  established  that  any  expression  relating 
the  variables  of  strain  cycling  must  include  the  strain  ratio  R  . 


D'Amato  assumed  Coffin's  relationship  valid,  and  in  his  work  used  the  form: 


where  C,  and  C„  are  material  constants  determined  from  tests  and  f  is  the  total 
12  K 

strain  range. 


Since  c  =  e  (1  -  R),  D'Amato' s  relation  becomes 
R  max  v  ' 


max 


(1  -  It) 


(6.5) 
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D'Amato  found  that  was  the  same  for  all  configurations  tested  and  that  C ^  varied 
substantially  with  configuration. 


Sachs  assumed  the  same  form  for  the  relationship  among  the  parameters  of  this  problem, 

as  did  Coffin,  but  introduced  the  mean  strain  t  to  yield: 

m 


N 


f  -  m 


-i  a 


2  e 


TR 


(6.6a) 


Dividing  each  term  within  the  brackets 

a  =  2  and  e.  ~  e__  ~  £  (or  2 
f  TR  max  v 


by  t 

:TR 


and  using  Coffin's  assumptions  that 
=  Ae,^)  at  N  =  1/4  yields: 


N 


ef  1  +  R 


£  2 
max 


1  -  R 


2 


(6.6b) 


or  substituting  e 

max 


A£ 


TR 


1  -  R 


yields: 


(• 


2 


1  /l  ~  R 

2  \  1  -  R 


(6.6c) 


A  plot  of  Sachs'  expression  with  experimental  results  is  shown  in  Fig.  i-5  and  there  is 
good  correlation  between  the  calculations  and  experimental  results  for  cycles  less  than  200. 

Manson  (Ref.  34)  arrived  at  a  relationship  based  upon  stress  range  (Air)  for  predicting 
cycles-to-failure  as 


Air  -  G  Nk 


(i  *> 


From  tests,  he  found  G  =  2  and  k  =  0.12,  which  yielded 


-0  19 

An  =  2  a  N  ‘  (6.7) 


Manson  then  used  Coffin's  expression  with  a  plastic  strain  range  of 


e  =  M  N2 

P 


A  good  approximation  is  given  by  Z  =  -1/2,  while  the  plastic  strain  range  per  cycle 
at  N  =  1/4  is  1.5  times  the  true  logarithmic  ductility  D  . 


where  R 

a 


D  =  In 


Substituting  these  values  into  the  preceding  expression  gives  M  =  0.75  D  to  account 
for  all  strain  ratios.  As  a  result 


-1  /2 

ep  =  0.75  D  N  '  (6.8) 


Combining  the  stress  range  with  the  plastic  strain  range  will  yield  a  relationship  between 
the  stress  and  strain  for  converting  experimental  stress  data  to  the  strain  data,  or  vice 
versa.  That  is, 


A<7 


or 


A  (7 


2  a. 


At 
3  D 


,0.24 


6-4 


(6.9) 


I 


The  stress-plastic  strain  relation  appears  to  be  valid,  but  certain  restrictions  regard¬ 
ing  its  use  are  indicated.  The  plastic  strain  range  was  applicable  only  to  thermal 
cycling  where,  for  that  loading  condition,  it  had  to  be  estimated;  total  strain  range  was 
the  better  parameter  for  mechanical  cycling.  The  expression  would  be  similar  if  .total 
strain  were  the  parameter.  However,  the  exponent  is  only  an  approximation,  and  to 
obtain  better  correlation  it  would  have  to  be  determined  for  each  material,  which  is  an 
impractical  step. 


Equations  (6.2),  (6.3)  and  (6.4)  are  all  equivalent  with  similarly  defined  terms.  If  we 

l/k 

change  e  of  Eq.  (6. 2)  to  plastic  strain  range  Ae  and  K  to  C  ,  as  well  as 

n  to  l/k  (constants  determined  from  tests),  these  expressions  can  be  rewritten  as 


When  l/k  =  2  and  C  =  ,  then 


c  -|  2 

N  =  1 

At 

p  -* 


D' Amato's  expression  (6.  5)  can  be  written  as 


r  CT 


1/C. 


N  - 


It 


where  <-„  =  *-  (1  -  It)  and  It  -  t  .  /< 

it  max  mm  nia? 


ix 


Then  c =  c  -'  .  ,  which  is  the  definition  of  the  total  strain  range  Ac  so 

n  n  i  K 


It  max  min 


N 


C, 

A. 


1/C, 


Tit  J 
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If  we  make  the  assumptions  that  at  N  =  1/4,  Ae  =  At  „„  =  2  e,  ,  and  l/C1  = 

p  I K  I  I 

then  and  Eq.  (6. 10)  becomes  identical  to  Eq.  (6.4) 


N  = 


(6. 10) 


Sachs, by  assuming  that  Coffin's  expression  (6.3)  is  valid,  derives  his  expression  (6.6a) 
with  the  introduction  of  the  mean  strain  t 

m 


The  mean  strain  can  be  easily  introduced  by  assuming  a  cycling  between  emax 
and  emjn  where  emay  is  almost  equal  to  the  fracture  ductility  as  shown  in  Fig.  6-1. 


TRUE 

STRESS 


TRUE 

STRAIN 


Fig.  6-1  Cycling  About  a  Mean  Strain 

In  solving  for  the  constant  C  in  Coffin's  expression  (6.  3),  set  k  =  l/2,  N  =  l/4  cycle, 

set  At  =  At  =  2  (c  -  t  )  per  cycle  as  indicated  by  Fig.  6-1  above,  then 
p  TR  max  m  jo 


n\'/2 

r  -i 

(1) 

2 (t  f  -  t  ) 

f  m 
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Substituting  the  values  for  C  ,  Au^  and  k  into  Coffin's  Eq.  (6.3)  will  give  an  equa¬ 
tion  for  predicting  cycles-to-failure  for  cycling  about  a' mean  strain  as  follows: 
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r  Lf 


«■  i  ? 
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A( 


TR 


(6.11) 


Rewriting  expression  (6.  11)  by  changing  the  exponent  2  to  an  a  and  by  changing 
AfcTR  to  2  results  in  Sachs'  expression  (6.  6a).  If  the  mean  strain  is  equal  to 
zero,  then  the  expression  above  reduces  to  expression  (6.4)  as 


N  = 


It  has  been  shown  that  the  expressions  of  Manson,  Coffin,  D'Amato  and  Sachs,  (6.  2), 
(6.3),  (6.5),  and  (6.6a),  respectively,  reduce  to  the  same  equations  when 

-1.  Expression  (6.  6b)  can  easily  be  derived  from 
and  R  - 


6m=  °'  A£p  *  At  TE  and  R 
e  =  (e  +  c  ,  )/2,  Ac 

>  n  v  >v^  1  n' 


—  (  - 

max  min 


.  /t  when  sub- 
min  max 


m  '  max  min7'"’  TR 
stituted  into  expression  (6.  6a).  It  is  also  obvious  from  Fig.  1-5  that  the  strain  ratio, 

or  mean  strain  must  be  included  in  an  expression  for  predicting  cycles-to-failure. 

Although  all  of  the  data  plotted  for  mechanical  cycling  in  Figs.  1-1  and  1-2  are  for  a 

mean  strain  of  zero,  a  general  expression  is  written  for  the  lower  boundary  of  the 

scatterband  with  a  slope  of  -l/2  up  to  500  cycles  and  a  slope  of  -1/5  beyond  500  cycles, 

where  the  strain  ratio  is  ineffective. 
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(6.  12a) 
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(6.  12b) 
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The  strain  ratio  (R)  was  included  in  expression  (6. 12a)  because  Sachs  (Fig.  1-5)  had 
shown  it  to  be  necessary  for  24ST,  although  there  is  not  sufficient  data  available  for 
all  materials  to  justify  the  inclusion  of  such  a  term  in  the  predicting  equation.  The 
general  expression  (6. 12a)  is  somewhat  conservative  over  the  range  of  endurance 
and  extremely  conservative  for  cycles  greater  than  500,  so  expression  (6. 12b)  is  valid 
for  cycles  greater  than  500  cycles.  Expressions  (6.12a)  and  (6.12b)  are  submitted  for 
all  materials  with  the  total  strain  range  and  strain  ratios  as  the  predominate  parameters. 
They  are  inadequate  for  predicting  failure  due  to  thermal  cycling.  It  would  be  unconserv¬ 
ative  for  thermal  cycling  if  one  used  the  plastic  strain  range  per  cycle  in  place  of  the 
total  strain  range  parameter.  These  expressions  are  plotted  as  the  dashed  lines  in 
Figs.  1-1  and  1-2,  for  R  =  -1. 
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Section  7 


THERMAL  SHOCK  CRITERIA 


7.1  INTRODUCTION 

The  term  thermal  shock  customarily  pertains  to  the  brittle  fracture  of  a  material  exposed 
to  a  single  near-instantaneous  change  of  temperature.  When  a  material  is  subjected  to 
high  thermal  gradients,  excessive  stress  may  result;  should  these  stresses  reach  the 
critical  or  ultimate  value  in  a  single  cycle  of  temperature  application,  thermal  fracture 
of  the  material  occurs. 

In  addition  to  certain  material  considerations  to  be  discussed  below  for  the  three  thermal- 
shock  criteria  -  brittle  materials,  short  time  exposure,  or  ductile  materials  -  the  struc¬ 
tural  configuration  is  very  important  in  limiting  critical  stresses.  Localized  stress 
concentrations  caused  by  sharp  corners,  surface  irregularities,  holes,  notches,  or  flaws 
in  the  microstructure  may  also  initiate  rapid  thermal  cracking.  Structural  constraints 
which  limit  or  prevent  free  thermal  expansion  similarly  cause  structural  damage  by 
thermal  shock.  Such  constraints  include  edge  fixity,  structural  combinations  of  materials 
having  dissimilar  expansion  coefficients,  and  size  or  thickness  effects. 

7.2  BRITTLE  MATERIALS 

To  assess  quantitatively  a  material's  capability  to  resist  thermal  shock  conditions,  per¬ 
formance  indexes  or  shock-resistance  factors  have  been  suggested  for  brittle  materials 
in  Refs.  35  through  43. 

Embodied  in  these  parameters  are  combinations  of  five  different  material  properties  as 
follows: 

•  Breaking  strength  <r 

•  Modulus  of  elasticity,  E 


•  Poisson's  ratio,  p 

•  Coefficient  of  linear  expansion,  a 

•  Thermal  conductivity,  k 

Manson  (Ref.  37)  and  others  have  suggested  two  separate  thermal-shock  parameters  to 
define  shock  resistance  as  follows: 


Pj  =<k<y/!Eor) 

P2  =  Tb  /(E  0} 

These  are  derived  from  time-temperature-stress  relations  pertaining  to  a  homogeneous 
flat  plate.  The  underlying  assumption  that  stress  in  these  parameters  be  based  upon  an 
elastic  analysis  is  justified  because  brittle  failure  is  not  encumbered  with  the  complexi¬ 
ties  of  plastic  flow.  Even  certain  semiductile  materials,  under  the  impact  loadings 
accompanying  thermal  shock,  behave  in  a  brittle  manner.  Nondimensional  stress  (ratio 
of  actual  stress  to  the  stress  which  would  exist  with  complete  restraint  to  thermal  ex¬ 
pansion)  is 


(T«  =  ^  (2  ~  M) 

EffiT 

o 


(7.1) 


where  Tq  =  initial  uniform  temperature  of  plate  above  ambient  temperature  of  zero. 


The  maximum  nondimensional  stress  is 


,  % 

max  E  a  T 

o 


P2  (1  -  k) 


(7.2) 


From  a  heat  flow  analysis  to  determine  maximum  stress  as  a  function  of  heat  transfer, 
a  reasonable  fit  is  given  by 
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(7.3) 


,  =  1.5  +  -  0.5  e 

fT  max  P 

where  0  =  nondimensional  heat  transfer  parameter,  ahA. 
a  =  plate  half-thickness 
h  =  heat  transfer  coefficient 
k  =  thermal  conductivity 

If  we  base  the  breaking  stress  analysis  on  Eq.  (7.3),  we  obtain  differing  results  depen¬ 
ding  upon  whether  the  heat-transfer  parameter  is  small  or  large. 

7.2.1  Small  ft 

For  thin  plates  and  relatively  low  heat  transfer  coefficients, 


1  3.25 

*  ~r 

max 


(7.4) 


which  gives 


E  cv  T 


o 


V1 


M) 


3.25  k 
ah 
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k  it. 

_ b  .  3.25  (1  -  n) 

E  tv  ah 


(7.5b) 


Eq.  (7.5b)  indicates  that  the  maximum  shock  temperature  is  dependent  upon  the  material 
properties  k  rr^/E  a  followed  by  a  heating  parameter  (which  also  contains  Poisson's 
ratio  due  to  the  similarity  of  p  for  all  materials).  Note  that  the  material  property  para¬ 
meter  is  identically  Pj  . 
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7.2.2  Large  /? 

Again  considering  Eq.  (7.3),  for  large  values  of  P 

a'  ~  1 
max 


or 


(7.6) 


-  m) 

E  QI  T 
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=  1 


(7.7a) 


Rearranging  terms  yields 


To  <7-7b> 

max 

The  thermal  shock  index  is  now  identically  Pg  .  since  the  conductivity  term 
drops  out  as  an  applicable  physical  property.  If  the  plate  thicknesses  are  great,  heat 
transfer  high,  or  conductivity  low,  the  surface  temperature  changes  to  that  of  the  sur¬ 
rounding  fluid  before  any  temperature  difference  can  be  felt  within  the  plate.  The  stress 
under  such  circumstances  is  independent  of  conductivity.  At  higher  /3  (high  values  of 
ah),  the  effect  of  good  conductivity  diminishes  until  there  is  no  beneficial  effect  whatso¬ 
ever  of  high  thermal  conductivity.  Since  reversal  of  the  index  of  merit,  Tq  ,  may  occur 
with  rate  of  quenching,  test  conditions  for  material  comparisons  should  closely  simulate 
actual  expected  environmental  conditions. 

.  Another  item  to  consider  is  the  determination  of  a  correct  breaking  strength,  . 

Weibull  has  developed  a  statistical  theory  of  strength  (Ref.  38)  which  indicates  a  plausible 
approach  to  this  problem.  This  analysis  is  known  as  the  "maximum  risk  of  rupture." 
Weibull  felt  that  this  analysis  better  described  the  failure  mechanism  than  the  "maximum 
stress  theory  of  fracture."  Basically,  WeibulEs  theory  concerns  probability  of  failure. 
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Applying  this  concept  to  experimentally  determined  values  of  breaking  stress  can  account 
for  effects  of  stress  distribution.  The  paper  advocates  use  of  a  bending  test  rather  than 
a  standard  (uniform-stress)  tensile  test,  since  the  bending  test  simulates  more  closely 
the  stress  distribution  which  exists  under  thermal  shock  conditions.  Moreover,  thermal 
shock  often  results  in  biaxial  (often  1:1)  stress  ratios,  and  for  even  closer  simulation, 
the  biaxial  condition  should  be  duplicated  in  testing. 

7.3  SHORT  EXPOSURE  TIMES 

The  preceding  analyses  pertained  to  a  quenching-type  of  thermal  exposure,  that  is,  long- 
duration  shock  and  tensile  stress  formation  at  the  surface  of  the  material.  With  rapid 
surface  heating,  or  short  time  exposure,  however,  failure  may  occur  within  the  mater¬ 
ial.  In  those  cases  where  the  duration  of  the  shock  is  not  sufficient  for  maximum  stresses 
to  be  attained,  two  parameters  become  significant  -  conductivity  of  the  material  and 
actual  duration  of  the  shock.  To  examine  the  variation  of  nondimensional  stress  o' 
with  time,  the  product  ( ft  x  0)  is  selected  at  the  independent  variable.  The  dimension¬ 
less  time  G  is  defined  as 


2 

pea 


where  k  =  thermal  conductivity 
t  =  time 

p  =  material  density 
c  =  specific  heat 
a  =  plate  half-thickness 

The  artifice  of  using  the  product  (l>0)  eliminates  the  effect  of  conductivity  from  the 
independent  parameter  since  /i  "  p  and  0  <  k  .  When  stress  curves  are  plotted  as  a 
function  of  time  for  different  conductivities,  it  can  be  seen  that  materials  with  low  rather 
than  high  conductivities  may  be  preferable:  at  short  exposure  times,  the  heat  pulse 
induces  less  severe  tensile  stresses  within  the  specimen. 


7.4  DUCTILE  MATERIALS 

A  study  of  the  thermal  shock  characteristics  of  several  different  nozzle  blade  ductile 
materials  has  recently  been  made  (Ref.  44).  Repeated  cycling  of  wedge-shaped  speci¬ 
mens  (1750°  F  to  45°  F)  was  conducted  until  thermal  shock  failure  occurred.  (Perhaps, 
more  appropriately,  this  multicycle  capability  should  be  called  thermal  fatigue.)  The 
significant  information  obtained  was  that  the  total  elongation  increased  with  increasing 
resistance;  in  fact,  the  data  (reciprocal  of  measured  strain  at  failure  vs.  cycles-to- 
failure)  plotted  well  as  a  straight  line  on  a  log-log  graph.  The  test  materials  all  had 
similar  thermal  properties  (a,  k,  c),  yet  showed  widely  differing  resistance  to  thermal 
shock. 

There  is  no  apparent  or  direct  way  of  utilizing  the  aforementioned  relationship  as  a 
criterion  for  shock  resistance  of  semiductile  materials.  The  breaking  strain  had  no 
relation  to  any  measured  mechanical  or  thermal  property.  A  third  property  perhaps 
strongly  influencing  the  results  appeared  to  be  the  metallurgy  of  the  test  specimen. 
Consequently,  this  type  of  cyclic  test  to  determine  thermal-shock-resistance  capabil¬ 
ities  would  be  required  for  each  configuration,  duplicating  as  closely  as  possible  the 
shock  environment. 

The  authors  noted  an  interesting  sidelight  which  may  be  of  significance:  Perhaps  the 
material  property  related  to  high  plastic  deformation  is  the  impact  resistance.  Certainly 
the  high  speed  of  loading  for  determining  notch-impact  strength  simulates,  as  a  first 
approximation,  the  temperature  shock  loading.  Comparisons  between  resistance  to 
thermal  shock  cracking  and  C harpy  impact  strength  showed  good  agreement. 


Section  8 

CONCLUSIONS  AND  RECOMMENDATIONS 


All  available  published  data  on  uniaxial  and  biaxial  mechanical  cycling  at  a  strain  ratio 
of  minus  one  at  room  and  elevated  temperatures  resulted  in  a  relatively  small  scatter- 
band  for  all  materials  when  plotting  the  total  strain  vs.  cycles-to-failure  using  log-log 
coordinates.  The  lower  boundary  of  this  scatterband  is  approximately  a  straight  line 
with  a  negative  slope  of  one-half.  Deviations  from  the  narrow  scatterband  result  when 
cycling  is  at  strain  ratios  other  than  minus  one,  at  low  frequencies,  and  at  extreme 
temperatures.  Thermal  cycling  did  not  lie  within  the  narrow  scatterband.  Perhaps 
an  even  narrower  band  of  scatter  would  be  obtained  if,  in  all  cases,  the  total  strain 
could  have  been  normalized  by  dividing  by  the  respective  quarter-cycle  fracture  strains. 
However,  these  fracture  strains  were  unavailable  for  so  many  of  the  data  that,  in  gen¬ 
eral,  normalization  was  not  attempted. 

Equivalent  methods  of  predicting  cycles-to-failure  as  functions  of  fracture  ductility, 
mean  strain  and  total  strain  or  plastic  strain  range  per  cycle  have  been  derived  by 
several  investigators.  In  general,  the  methods  have  been  found  to  give  reliable  pre¬ 
dictions  only  to  mechanical  cycling. 

The  following  additional  experimental  investigations  are  recommended  for  all  three 
cycling  conditions: 

1.  Mechanical  cycling  at  room  temperature 

(a)  cycle  other  materials 

(b)  cycle  at  various  strain  ratios 

(c)  include  stress  concentrations 

(d)  obtain  quarier-cyele  fracture  strain 


2.  Mechanical  cycling  at  elevated  temperatures 

(a)  cycle  other  materials 

(b)  cycle  at  various  strain  ratios 

(c)  include  stress  concentrations 

(d)  cycle  at  higher  strains 

(e)  cycle  at  higher  temperature 

(f)  vary  the  cycle  frequency 

(g)  obtain  quarter-cycle  fracture  strain 

3.  Thermal  cycling 

(a)  basic  research  to  determine  mechanism  of  failure 

4.  Combination  of  thermal  cycling  and  mechanical  cycling 

5.  Effects  of  high  strain  cycling  on  creep  rupture  properties 

6.  Cumulative  damage  for  other  materials 

Recommendations  for  future  analytical  work  include  a  program  for  evaluating  the 
existing  plastic  strength  analyses  to  determine  which  analysis  can  predict  the  stresses 
or  strains  best  when  a  structure  is  subjected  to  high  cyclic  stresses  and  aerodynamic 
heating. 
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